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Abstract 

in 

Q\ [ We study the neutron electric dipole moment (EDM) in a five dimensional SU{3) gauge- Higgs 
^ ' unification compactified on x /Z2 space-time including a massive fermion. We point out that 
, . to realize the CP violation is a non-trivial task in the gauge-Higgs unification scenario and argue 
^ ' how the CP symmetry is broken spontaneously by the VEV of the Higgs, the extra space component 
■ " " ' of the gauge field. We emphasize the importance of the interplay between the VEV of the Higgs 
and the Z2-odd bulk mass term to get physically the CP violation. We then calculate the one-loop 
contributions to the neutron EDM as the typical example of the CP violating observable and find 
that the EDM appears already at the one-loop level, without invoking to the three generation scheme. 
We then derive a lower bound for the compactification scale, which is around 2.6 TeV, by comparing 
the contribution due to the nonzero Kaluza-Klein modes with the experimental data. 



1 Introduction 



Gauge-Higgs unification scenario proposed long time ago [1, 2, 3, 4] has attracted recent revived 
interest as one of the attractive scenarios solving the hierarchy problem without invoking super- 
symmetry. In this scenario, Higgs doublet in the Standard Model (SM) is identified with the extra 
spatial components of the higher dimensional gauge fields. Remarkable feature is that the quantum 
correction to Higgs mass is finite and insensitive to the cutoff scale of the theory, in spite of the 
fact that higher dimensional gauge theories are generally non-renormalizable. The reason is simply 
that the Higgs mass-squared term as a local operator is forbidden by the higher dimensional gauge 
invariance. The radiatively induced finite Higgs mass should be understood as to be described by the 
Wilson line phase, that is a non-local operator and free from UV- divergence. This fact has opened 
up a new avenue to the solution of the hierarchy problem [5]. Since then, much attention has been 
paid to the gauge-Higgs unification and many interesting works have been done from various points 
of view [6]- [29]. 

The finiteness of Higgs mass has been studied and verified in various models and types of com- 
pactification at one-loop level [30]- [33]^ and even at two loop level [35]. It is natural to ask whether 
any other finite calculable physical observables exist in the gauge-Higgs unification. In a paper by 
the present authors [36], we have found a striking fact: we have shown that the anomalous magnetic 
moment of fermion in the {D + 1) dimensional QED gauge-Higgs unification model compactified on 

becomes finite for an arbitrary space-time dimension. The reason is easily understood relying on 
an operator analysis. In four dimensional space-time, a dimension six gauge invariant local operator 
describes the anomalous magnetic moment: 



However, when included into the scheme of gauge-Higgs unification, the Higgs doublet should be 
replaced by an extra space component of the higher dimensional gauge field Ay. Then, to preserve 
the gauge symmetry. Ay should be further replaced by gauge covariant derivative Dy, and the relevant 
gauge invariant operator becomes 



where L, M and N denote (D + l) dimensional Lorentz indices. The key observation of our argument 
is that the operator (1.2), when Dl is replaced by (Dl) with the gauge field Al replaced by its 
VEV, vanishes because of the on-shell condition i(Di)r^^' = 0. As the local operator is forbidden, 
the anomalous magnetic moment is expected to be free from the UV-divergence. We confirmed 
the finiteness of the magnetic moment by an explicit diagrammatical calculations [36]. This is 
a remarkable specific prediction of the gauge-Higgs unification to be contrasted with the case of 
Randall-Sundrum model [37] or the universal extra dimension scenario [38], in which the magnetic 
moment of fermion diverges in the models with more than five space-time dimensions. 

^For the case of gravity-gauge-Higgs unification, see [34] 
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Although this result was quite impressive, the above model is too simple to be realistic. In partic- 
ular, the famous result by Schwinger in ordinary QED could not be reproduced as the contribution of 
zero- modes in the simplified model. Thus, in our following paper [39] , we have clarified the issue on 
cancellation mechanism of ultraviolet (UV) divergences in a realistic gauge-Higgs unification model. 
What we adopted was {D + 1) dimensional SU (3) gauge-Higgs unification model compactified on an 
orbifold jZ-i with a massive bulk fermion in a fundamental representation, whose gauge group is 
large enough to incorporate that of the Standard Model. The orbifolding is indispensable to obtain 
chiral theory and to reduce the gauge symmetry to that of the Standard Model. In order to obtain a 
realistic Yukawa coupling we introduced a bulk mass parameter of fermion, which should have odd 
Z2 parity in order to preserve the symmetry. The bulk mass causes localization of fermions with 
different chirahties at different fixed points of the orbifold. Hence the overlap integral of their mode 
functions yields an exponentially suppressed Yukawa coupling. In this way, we can freely obtain 
the light fermion masses, which are otherwise of 0{M^J\f) in the gauge-Higgs unification scenario, 
by tuning the bulk mass parameters. We thus have succeeded in recovering the Schwinger 's result, 
still keeping the nice feature of the scenario, i.e. the anomalous moment was shown to be finite 
even in 6 dimensional space-time, where other higher dimensional theories such as universal extra 
dimension scenario give divergent results. In the most recent paper [40], we also have performed 
numerical calculations to obtain the contribution of non-zero KK modes to the muon anomalous 
magnetic moment and have derived a useful constraint on the compactification scale by comparing 
the result with the experimental data. 

In this paper, we focus on the CP violation in the gauge-Higgs unification scenario. As the 
concrete example of the physical observable due to the CP violation we discuss the neutron electric 
dipole moment (EDM) whose computation has some similarity to that of the anomalous magnetic 
moment of fermions. We will work in the same model as in the previous paper [40], i.e. the 5 
dimensional 5'C/(3) gauge-Higgs unification model compactified on an orbifold jZ^ with a massive 
bulk fermion in a fundamental representation. 

Let us note that how to break CP symmetry is a non-trivial question in the gauge-Higgs unification 
scenario, since the Higgs field is nothing but a gauge field to start with and its Yukawa coupling is 
originally gauge coupling, which is real. As far as the theory itself has CP symmetry, the possible 
way to break CP is due to the compactification which does not respect the symmetry as in the case 
of Calabi-Yau manifold with non-trivial complex structure [41] or by the VEV of some field which 
has odd CP eigenvalue [42]. Both mechanisms may be understood as (a sort of) spontaneous CP 
violation, since the theory itself preserves the CP symmetry and the way of the compactification 
is responsible for the determination of the vacuum state. (In fact, the effect of compactification is 
accompanied by the compactification scale which has a mass dimension and the corresponding 
CP violation is "soft".) 

In the present model the compactification itself is too simple to break CP, since the orbifold is 
trivially invariant under a discrete transformation y — > —y [y : extra space coordinate). Thus the 
possible unique source to break the CP symmetry is expected to be the VEV of the Higgs field, which 
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is the zero-mode of Ay, the extra space component of the gauge field. 

To see whether this is really the case or not, we argue how the space-time coordinates and each 
field behave under the P and CP transformations. First, let us note that the EDM is P- and CP-odd 
observable, and therefore both of P and CP have to be broken to get a non-vanishing EDM. The P 
and CP transformations in higher dimensional theories need some care. Though we can easily find P 
and C transformations in higher dimensional sense, they may not reduce to ordinary 4-dimensional 
P or C transformations when dimensional reduction is performed [41]. In the 5 dimensional space- 
time, however, the spinor is a 4-component one just as in the 4-dimensional theory and P and C 
transformations may be defined in the ordinary ways. 

First the parity transformation is defined for fermions as 

where ^ denotes the SU{3) triplet fermion. To be precise, the extra-space coordinate y turns out 
to be enforced to change its sign for the kinetic term to be invariant under (1.3) and at the first 
glance it does not seem to correspond to the ordinary 4-dimensional P transformation. However, at 
least the zero-mode fields corresponding to the ordinary particles in the Standard Model are even 
functions of y and the change of the sign is irrelevant for the low-energy effective theory. Let us note 
that in our model the P symmetry is broken anyway by the orbifolding , no matter Ay develops its 
VEV or not, since the orbifolding is aimed to reahze a chiral theory. This may also be known by 
realizing that the orbifold condition for the fermion 

= P^'^iy) (P = diag(+, +, -)) (1.4) 

is inconsistent with the parity transformation (1.3), since 7° does not commute with 7^. 

Next, combining with the C transformation, C : ^ — > i7^^*, we can derive the CP transforma- 
tion: 

CP: *(x^?/)^^7V*(^^,?/)^ (1-5) 

This time, the transformation is consistent with the condition (1.4), since 7^7^ commutes with 
7^. Hence, CP is not violated by the orbifolding. The corresponding transformation properties 
of the space-time coordinates and the gauge field are fixed so that ^iT^^dM — igAM)"^ (F^ = 
(7^,i7^), Am = {An,Ay) (/^ = — 3)) is invariant under (1.5). Namely, 

CP: x^^ x^, y^y, ^^(x^ y) ^ -^'^(x^, y)\ ^(x^ y) ^ -Ay{x^, yf. (1.6) 

The Z2-odd bulk mass term in the lagrangian — Me(|/)\E'\E' {^{y) '■ sign function of y) is also invariant 
under such defined CP transformation, as y remains untouched and e{y) does not change its sign. 
Let us note that if the fermions are expanded in terms of the ortho-normal set of plane waves as 
^{x^',y) = ^^^e^S2/^W(x'') with i? b eing the radius of the circle (though real mass eigenstates have 
different mode functions in the presence of the bulk mass M), the CP transformation necessitates 
the exchange of the KK modes, n ^ — n, in addition to the 4-dimensional CP transformation for 
\if('^)(^x'^y Fortunately, this exchange of the KK modes is irrelevant for the zero- mode fermions. 
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Thus the transformation given in (1.5) and (1.6) just reduce to the ordinary 4-dimensional CP 
transformation for zero-mode fields. 

We thus reahze that Ay has CP eigenvalue —1. Hence, the VEV of Ay is the unique source of the 
CP violation. As the matter of fact, however, in the case that the Z2-odd bulk mass term vanishes, 
the CP violation is known to disappear even for the non-vanishing VEV of Ay. In fact, in this case, 
we can perform a chiral transformation, ^ — > e*^'''^^ such that i'j^ disappears from the covariant 
derivative term i^T^D^^, keeping the other parts of the lagrangian invariant. Now, Ay has a scalar 
type coupling with fermions and therefore is now even under the CP transformation: 

CP : x''-^ x^, y^y, ^'(a;^, y) i'y'^'y^^ix^, -y)\ 

A,{x^,y) ^ -A^^{x,, -y)\ Ay{x^,y) ^ Ay{x^, -yf. (1.7) 

The invariance of the action under the CP transformation is easily checked by use of the change of 
the integration variable y —y. Thus the VEV of Ay no longer violates CP. Let us note that in 
this case the exchange of the KK modes is not needed for fermions. 

We thus find that to break CP physically and to get a non-vanishing EDM, the interplay between 
the VEV of Ay and the bulk mass M is crucial, and from such a point of view both of the VEV and 
the bulk mass are the cause of the CP violation on an equal footing. The necessity of the interplay 
will be shown by an explicit calculation of Feynman diagrams later in this paper. 

Let us note that the VEV of Ay is needed anyway to get the EDM, since the gauge invariant 
operator to describe the EDM in the standard model is 

-'-^j}a^^^'F,,{H)^, (1.8) 

which vanishes when (H) and therefore the VEV of Ay vanishes. From the same reasoning to conclude 
that the anomalous magnetic moment is finite even for 6-dimensional space-time, we expect relying 
on a similar operator analysis that the EDM is also finite even for 6D theory, though in this paper 
we work in the 5D space-time. 

The purposes of this paper are two-folds. One is to confirm that the EDM really appears as a 
finite calculable observable already at the one-loop level, though the EDM has been shown to appear 
only at the three loop level in the Standard Model [43] . In addition, in our model we introduce only 
the first generation and to get the EDM we do not need 3 generation scheme, in clear contrast to 
the case of the Standard Model. The other one is to obtain the lower bound on the compactification 
scale, i.e. the upper bound on the size of the extra space, by comparing the prediction of our model 
with the experimental data. 

In ref.[42], CP violation in the gauge-Higgs unification scenario has also been discussed. The 
gauge group they adopt is a U{1) and the extra space is a circle. In our case, the gauge group is 
an SU{3) and the extra space is orbifold so that the model can incorporate the chiral theory of the 
Standard Model. The chiral theory clearly violates the P symmetry, in contrast to the case of U{1) 
gauge theory discussed in [42]. The introduction of the Z2-odd bulk mass term is also a new feature 
of our model. By adopting such realistic model, we hope that we can derive a realistic prediction for 



4 



the neutron EDM to be compared with the data, which is expected to have various new ingredients 
not seen in the prediction in [42] , due to the complexity of our model. Notice that the possibility of 
the recovery of CP symmetry due to the Wilson line phase tt at the minimum of the effective potential 
for Ay pointed out in [42] has no relevance in our model, as we assume the realistic situation where 
the weak scale, i.e. the VEV of Ay times gauge couphng is much smaller than the compactification 
scale 1/R. 

This paper is organized as follows. In the next section, we briefly summarize our model and 
discuss the mass eigenvalues and corresponding mode functions of fermions and gauge bosons. In 
section 3, we derive general formulae relevant for EDM concerning a few types of Feynman diagrams 
where 4D gauge boson ^4^ or 4D scalar Ay are exchanged or self-interaction of the 4D gauge and 
scalar fields is contributing. The coupling constants in the interaction vertices are left arbitrary 
there. Then combining with the interaction vertices derived in ref. [40] we obtain the contribution 
of each type of Feynman diagram to EDM. In section 4, we numerically estimate the contribution 
of nonzero KK modes to the EDM as the function of the compactification scale 1/R. Comparing 
with the experimental data we finally obtain a rather stringent lower bound for the compactification 
scale. Section 5 is devoted to the summary discussion. 



2 The Model 

Since we employ the same model as that discussed in [39] to calculate EDM, we briefly summarize it 
in this paper. We consider a five dimensional SU (3) gauge-Higgs unification model compactified on 
an orbifold / Z2 with a radius R of S^. As a matter field, a massive bulk fermion in the fundamental 
representation of SU (3) gauge group is introduced. The Lagrangian is given by 

C = -iTr(FMivF^^) + ^{ilp- Me(|/))* (2.1) 

where the indices M,N — 0,1,2,3,5, the five dimensional gamma matrices are = (7'^, ^7^) 
(/x = 0,l,2,3), 

Fmn =dMAN - On Am - ig[AM, A^], (2.2) 
P^r'^idM-igAM), (2.3) 

*=(*!, *2,*3)^ (2.4) 

g denotes a gauge coupling constant in five dimensional gauge theory. M is a bulk mass of the 
fermion. e{y) is a sign function of an extra coordinate y which is necessary to introduce a Z2 odd 
bulk mass term. 

The periodic boundary condition is imposed along and Z2 parity assignments are taken as 

A^{yi-y)^PA^{y, + y)P\ Ay{y, - y) ^ -PAy{y, + y)P\ ^{y,- y) ^ P-f'"^{yi + y) (2.5) 

where P = diag(+, +, — ) at fixed points yi = 0, nR. By this Z2 parity assignment, SU{3) is explicitly 
broken to SU (2) xU{l). Higgs scalar field is identified with the off-diagonal block of zero mode A^y K 
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The 4-dimensional gauge bosons and their scalar partners Ay can be expanded in KK modes 
such that the boundary conditions (2.5) are satisfied, 



1 -.00 

\,y{^, y) + ^ ^^^^^^^ (i^) 

* * n=l 

^ 00 

^/.,y(^,y)=^Z!41(^)si"(^^) (odd). 



(2.6) 
(2.7) 



After electroweak symmetry breaking, quadratic terms relevant to the gauge boson mass are diago- 
nalized as 

-ttR 



>C^ass - \ rdy[d^A; - {dyA^ - 2mwf'''A,y)f 



n=l 



n) 



+ (M„ + mw.)'iy+(")iy-'^(") + (M„ - mvK)'^+^"^^"^^"^ 



E 

n=l 



+ (M, - m^)2iy+("%-(") + (M„ + m^y)X'"^"^^;^"^ 



+ -{2mwfZyZy + m^^l^+iy- 



(2.8) 

where the gauge- fixing term in 't Hooft-Feynman gauge is introduced to eliminate the mixing terms 
between the gauge bosons and the gauge scalar bosons. Af„ = ^.rriw = 2g{Ay) — = g^v. 

is a four dimensional gauge coupling. The KK mass eigenstates and zero mode mass eigenstates are 
given by 

= i(V3>l3(") +>!«(")), 



\/2 



|y±(n) _ r[^l(n) + ^5(n) ^ ■(^j^2{n) _ ^4(n))j ^ ^±(n) ^ i ^^2(n) ^ ^4(n) ^ i(_^l(n) + ^5(n))j ^ 

^. = 1(4-^4)' <^ = 4- 



(2.9) 

The zero mode gauge bosons iy^,Z^,7^ correspond to W boson, Z boson and photon and zero 
mode scalar fields X^,(f),h correspond to charged NG boson, neutral NG boson, Higgs field in the 
Standard Model, respectively. 

Some comments on this model are in order. First, the predicted Weinberg angle of this model is 
not realistic, sin^ ^^vk = 3/4 [45] . Possible way to cure the problem is to introduce an extra U{1) or 
the brane localized gauge kinetic term [10]. Second, the up quark remains masslcss and we have no 
up-type Yukawa coupling. A possible way out of this situation is to introduce second-rank symmetric 
tensors of SU{3) (6 dimensional representation) [16]. 
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On the other hand, we have obtained a quadratic part of 4D effective Lagrangian of fermion 



n=l 

(2.10) 

where the mass eigenstates of fermion were obtained as: 



(2.11) 



(n) 
2L 



V2 



%/2 



n=l 



+ <^ 



^2R ^3R 



n=l 



2ml 



2< 



2^ 



V2 



2ml 



, , m^ - ml 



(2.12) 



m„ — mf 



(2.13) 



2L ^3lJ 



'mr,W^n - miW 



?7if, - mi 



™»-(*g-*ri) + ^*S + E 



rrini 



(0' 



mt — m 



n ""l 



2R 

(2.14) 



(2.15) 
(2.16) 



where 



m 



rrir. 



2nRM 



= 4 



ttRM l-(-l)"e -"-^^ 



n= (l- 



2M^\ 



TrRmi^ MfiMmw, rrin = (-l)"mn, 

^)2 = ^2 ±2mw^. 



(2.17) 



In deriving the above 4D effective Lagrangian of fermion, the following mode expansions are substi- 
tuted and integrated out over the fifth coordinate. 



n=l 



\^t^{x)9^''\y) + ^t^{x)f^'\y)J 

with the zero mode wave functions 



/^S(x)/f(l/)\ 

U3°i(^)/r(z/)y 



(2.18) 



M 



^-2-kRM 



-M\y\ AO) _ 

1 J R — 



M 



.M\y\ 



^2TrRM 



(2.19) 
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and the nonzero KK mode functions 



(n) 



An) 
JR 



'nRnin 

Mr,. 



n 

cos \ —y 



'nRm. 

1 /n 
: sm I —y 



n 

cos ^^y] + 



MR , , . /n \ 
<y) sm \^-y j 

sin (^2/) 



n 

MR 



'nR 



(2.20) 
(2.21) 
(2.22) 



Deriving the vertex functions necessary for calculating the neutron EDM by using the above mass 
eigenfunctions is straightforward, but complicated. We do not repeat here their derivation since the 
necessary vertex functions are the exactly same ones as summarized in Appendix A of our previous 
paper [40], except that the muon should be replaced by the down quark d. 

3 Calculation of the electric dipole moment 

In this section, we provide general formulae to calculate fermion EDM. Various types of diagrams 
contributing to the EDM are written down below. Fermion electric dipole moment is described by 
dimension 6 operator —^ijjL{p')a'^^^^F^p{H)ipR{p). In general, quantum corrections to the photon 
vertex —^Jpip{p')j''ip{p) can be written as 



(3.1) 



where 



2m^ ' e/3 

and stand for the anomalous magnetic moment and the electric dipole moment of ip, respec- 
tively. Since our interest in this paper is in the electric dipole moment, the terms proportional to 
IbiPfi niust be extracted. 

We now derive general formulae for each type of Fcynman diagram, leaving the couplings in the 
interaction vertices arbitrary. First, the gauge boson exchange diagram is given by (a, b, c, d are 
generic coupling constants) 




d^A; 



,{aL + bR)Y 



-1 



{2tt)H 



-1 



^+ i)' — ran i> ~ '^n 

^{ac-hd){\-X)m, 



j^{cL + dR) 



k^-Ml 



ll^P,- (3.2) 



+ X{1 - X)m? - Xml - (1 - X)MlY 
In the second hne only the part relevant for the EDM has been extracted. Similarly the diagram due 
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to the exchange of the scalar partner of gauge boson given by 



f d^A; /-^-^ -{ac-bd)Xmn 

^-^^J [fc2 _ x^m^ + Xw? - Xml - (1 - X)MlY^'^ " ^'^"'^^ 

For the diagrams due to the gauge boson self-energy, there are following three types of diagrams. 

X (-e)[(2p' - p - k)pr]f,^ + (2A; - p' - p)^??^^ + (2p - p' - /c)^77^p] 
De 1^ fdx -K-^^)[^ + 2 + 4(l-X)K 

-(aL + hR)-f^{cL + rfi?) ,,^ ~^ ~^ ,^, e(2fe - p' - p)^ 




(27r)4r |!f-m„' '(A;-p')2-M2 (A;-p)2-M2 

- e /-^ /dx / dJ -(ac-fcd)(l-X)m„ 



\k + (h.c.) = / -S^XaL + 6i?)7^ ,^ (cL + di?)- ^- —r- ^ ^} 

X (±e)MG + (h.c.) 

* 7 (27r)4i io io ^ [A:^ + ^(1 - X)w? - XM^ - (1 - X)ml]^^''^ 
=0. (3.6) 

Here, McTTLnjiTL denote masses of the gauge boson, the internal fermion, and the down-type quark, 
respectively. Q^p denotes the electric charge of internal fermion. x, y arc Fcynman parameters and 
X = X + y. is defined as the sum of the external momenta for fermions, = p^ + p'^. In the 
last diagram of the gauge boson self-energy, the plus(minus) sign corresponds to the diagram where 
W^{X^) boson propagates in the loop, respectively. In all amplitudes, we used the property that 
Feynman parameter integral of an odd function of x — y vanishes. 

In order to arrive at the above expressions, the numerator of the integrand is calculated as 

(aL + hR)-t^{l/t+ / + mn)l^{H ^ + mn)Y{cL + dR) 
D-{ad- bc)-f5{x -y){l- X)mP'^ + 2{ac - 6d)m„75(l - X)P''. 

In the above calculation, the momentum shift k ^ k — xp' — yp is performed and D means that terms 
relevant for the fermion EDM are extracted. The equation of motion for the external fermion is also 
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utilized 

i^ip'hbix 1^' + yf)il^{p) {-X + y)m'ilj{p')-f5ip{p). (3.7) 

Applying the possible interaction vertices described in [40] to these formulae derived above, we can 
obtain the amplitudes of the EDM in a straightforward way and list up them by classifying into the 
neutral current sector, charged current sector and gauge boson self-energy sector. Concerning the 
mode indices in the amplitude, the summation YlTm n=i should be understood. In our calculation, 
we adopt approximations mvy,m <^1/R and the results are shown at the leading order of 0{m'^). 

As will be seen below, all of the standard model diagrams have no contributions to the EDM at 
one-loop level, which is consistent with the well-known fact that the EDM in the standard model is 
generated at least at 3-loop level 



3.1 Neutral current sector 
3.1.1 KK mode photon exchange 




1_r pgl ^n TtRM 

dy 



mi. —m; 



[k 



^-Xml 



X)M- 



2 13 
mi 



-75^^. 
(3.8) 



3.1.2 KK mode photon partner exchange 



4% 



2,3 



\ (m) e f d^k f\ /"^r^ 



O 94 nRM ( Ia\'^ mnThni ( i \n+m Ym 



- Xml - (1 - X)M, 



2 13 



lf,P,. (3.9) 



3.1.3 Higgs exchange 




d^A; 
3 J {2'k)H 



dxl dy 75^^- 











[k^ - XmlY- 



(3.10) 



3.1.4 KK mode Higgs exchange 



in) 



2,3 



d'^k 

3 J {2ti)H 



dx dy - 
Jo 



2/ Mn 

6 V TxRmn 



tRM mim„i 



g2iTRM _l , 



Xmr, 



[k^ 



Xml 



X)M, 



2 13 
mi 



-75^^- (3-11) 
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3.1.5 KK mode Higgs partner exchange 




S , (m) 

^2,3 



e f d^fc f',^ 8(71(1 - X)m„75P^ 

3 J {2n)H Jo 7o ^ [^^ - Xml - (1 - X)M^]3 



7ri?M rhi hh 
2 V 62^^^^ - 1 ^ 7^ 



((-1) 



l+m+n 



-1)- 



/4 \ ninmni 



Q2nRM -IX^T^RJ ml - m] 



(3.12) 



3.1.6 KK mode Z boson exchange 



[F - Xml - (1 - X)MIY 



(3.13) 



3.1.7 KK mode neutral NG boson exchange 



4 



< 3 7 (27r)4i io X ^ [A:^ - ^< - (1 - X)MIY 



nRM 



X 



- 1 



mnUlnl 



nRj ml — rrii \t^R j \'mnj ml — mi 



- 



(3.14) 



3.1.8 Zero mode neutral NG boson exchange 




5 m2-m, 



^(-l)"Xm, 



- Xm2]3 



-75^/.- 



(3.15) 



3.2 Charged current sector 
3.2.1 KK mode W boson exchange 




d^k rr ^^^g^^^ {^'^ + ^0 - p ,,,,, 



[k' - Xml - (1 - X)M2 



3.2.2 KK mode boson exchange 



(n) 



- 3 V (27r)^ Jo 7o ^ [^2 _ ^^2 _ (1 _ ^)M^]3 (3.17) 
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3.2.3 KK mode Xy boson exchange 




2 f d^k f\ f 



dy 



tRM 



mi y e- 



T (-1) 



[k^ - Xml - (1 - X)M2 ]3 



(3.18) 



3.2.4 KK mode Wy boson exchange 




2 f d^k f\ /-^-^ 



■kRM 



Mn hie 



[k^ - Xml - (1 - ^W', 



2 13 



(3.19) 



3.3 gauge boson self-energy 

3.3.1 KK mode Wn boson self energy diagram 




1 =e 



^dx I dy 



{27r)HJo Jo 



1- 



ttRM h / M, 

mi V e^^RM_i ^ I „^ 



,) (6 - 3X)m, 



[k 



-75P^. (3.20) 



3.3.2 KK mode boson self energy diagram 




= e 



(27r 



^0 



dx / dy 



-1 VttR V iri„ 



+ /2 (6 - 3X)m. 



:i - X)m2 



213 



-75P^. (3.21) 



3.3.3 KK mode Xy boson self energy diagram 



in) 



—e 



d^k 



{'2n)HJo Jo 



^ mi V e2'r«A^- 



dx / dy 



ttRM 



d+m+n I4I2 _|_ -Mtc /j/e 
VwR mn 



^1 - X)mn 



- - (1 - X)mlY 



(3.22) 



3.3.4 KK mode Wy boson self energy diagram 




^1 „i_r n^lk / ttRM (/ iy+m+n /4/2 I Mn JiJe A /-I v\ 



- XMl - (1 - X)m2]3 



(3.23) 
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Various integrals appearing in the amplitudes are defined as follows. 



h = r dy—L-Si{y)CMSn{y): (3.24) 

h ^ r dy-^J^Si{y)Srn{y)(Cn{y)-^e{y)Sn{y)\ (3.25) 

/T-R / A/[ \ 

^ dye-'^\y\Cm{y) [CM - -^e{y)Sn{y)\ , (3.26) 

dye^\y\S^{y)Sn{y). (3.27) 



h = 



d,^^e--l^l \[^^^ (cm + ^e{y)SM) ] , (3-28) 



■kR 



-ttR 



n 



dyC^iy) Cn{y) e{y)Sn{y) (3.29) 



with Sniy) = sin(|y) and C„(y) = cos(|y). 

It is very interesting that the neutron EDM is generated already at 1-loop although it is generated 
at 3-loop in the case of standard model. We can see that the EDM contributions from neutral current 
sector are due to the mixing terms between different nonzero KK modes of down quark, which is 
proportional to m„;. On the other hand, the EDM contributions from the charged current sector 
are due to the mixing terms between a zero mode and nonzero KK modes of down quark, which 
is proportional to m„. Since these two mass parameters rfini and m„ are proportional to both of 
the bulk mass M and the W-boson mass niw (see, (2.17)), the EDM vanishes if the bulk mass is 
zero while the Higgs VEV is nonzero, and vice versa. This is consistent with the general discussion 
described in the introduction on how CP is violated. 



4 Numerical estimation of EDM from nonzero KK modes 

We move to numerical calculation of neutron electric dipole moment. We expect that up quark 
electric dipole moment vanishes in this model, since there is no right-handed up quark and the 
operator describing up quark electric dipole moment {H)ul(^r)(t n„^^URi^i,-)F^^ does not exist. Thus, 
the neutron electric dipole moment dn in this model is written as follows: 

4 14 

dn = -^dd - -du = -dd- (4.1) 

To reproduce down quark Yukawa coupling, we must set a bulk mass parameter so as to satisfy 
the following relation: 

m 2ttRM 4 ~ 8MeV 



(4.2) 



mw - e-27ri?M)(c2TRM _ SOGcV 

Thus, we set the bulk mass as 271 RM = 25.5 (m = 6 MeV is taken). 

Here, only the numerical results arc shown. The contributions from the neutral current and the 
charged current processes to the EDM are denoted by d(N.C.) and d{G.G.) and are obtained as 
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follows. 

4 



d(-N.C.) -^e^ (^^^ i?W(-8.3 X 10-^), 



(4.3) 

d{C.C.) ^ - le'^-^^R'mw{2.12 x 10"^) + ^e'^-M^R^rnw{S.O x 10"^). 

9 TT-^ 9 TT 



Combining these results we obtain the final result on the contribution from nonzero KK mode ci(KK) 
as 

ci(KK) =ci(N.C.) + ci(C.C.) ~ -2.3 x 10-^%Rmwf[e ■ cm]. (4.4) 

We require that the contribution of KK mode |d(KK) is less than the experimental upper bound 
[44], 

4 

- • 2.3 X 10-"^^ {Rmw)^[e ■ cm] < 2.9 x 10"^^[e • cm] (4.5) 
which gives a lower bound for the compactification scale 

4 > 33mvK ^ 2.6 TeV. (4.6) 
R 

5 Summary 

In this paper we studied the neutron electric dipole moment (EDM) in a five dimensional SU{3) 
gauge-Higgs unification compactified on xS^/Z2 space-time including massive fermions belonging 
to the triplet of SU{3). The smallness of the quark Yukawa coupling is realized by introducing a 
Z2-odd bulk mass Me{y). We pointed out that to realize the CP violation is a non-trivial task in the 
gauge-Higgs unification scenario where the Yukawa coupling is originally gauge coupling, which is of 
course real. We identified the transformation properties of each field under P and CP transformations, 
since to get non-vanishing EDM both P and CP symmetries have to be broken, though P is broken 
anyway by the orbifolding. We have found that since the theory itself is CP symmetric, the unique 
source of the CP violation in our model is the VEV of the Higgs, the extra space component of the 
gauge field Ay. In such a sense, CP is broken spontaneously through the Hosotani mechanism[3]. We 
emphasized that actually to get physically the CP violating effect the interplay between the VEV of 
Ay and the bulk mass M is crucial. In fact in the hypothetical limit of M — > 0, it turned out that 
by suitable chiral transformation Ay becomes a field with even CP eigenvalue, whose VEV therefore 
does not break CP symmetry. From such a point of view both of the VEV and the bulk mass are 
the cause of the CP violation on an equal footing. 

We then calculated the one-loop contributions to the neutron electric dipole moment as the typical 
example of the CP violating observable and found that the EDM appears already at the one-loop 
level, without invoking to the three generation scheme, in clear contrast to the case of the Standard 
Model where EDM appears only at the three-loop level. The explicit calculation has shown that one- 
loop contributions from nonzero KK modes to the neutron EDM arc generated due to the mixing 
effects between different nonzero KK modes, and between a zero mode and nonzero KK modes. Also, 
the obtained EDM was proportional to the Higgs VEV and the bulk mass, which was consistent with 
what we discussed concerning the importance of their interplay to get CP violation. 
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Furthermore, we could confirm that the standard model contribution to the neutron EDM due 
to the Kaluza-Klein zero modes vanishes at the one-loop level, as we expect. 

The fact that EDM appears already at the one-loop level suggests that we may be able to get a 
rather stringent lower bound on the compactification scale by the comparison with the data. This 
turns out to be the case. We could derive a rather stringent lower bound for the compactification 
scale, which is around 2.6 TeV, by comparing the contribution due to the nonzero Kaluza-Klein 
modes with the experimental data. 
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